Abstract-We monitored 26 compounds known or suspected to be endocrine disruptors in several environmental water samples from a river, the sea, and an irrigation canal. Because of the various chemical properties of the compounds monitored, analyses were carried out by using two different methods. One method is based on solid-phase extraction (SPE) on-line coupled to gas chromatography-mass spectrometry through an on-column interface. Another is based on high-performance liquid chromatography-(electrospray) mass spectrometry working in negative ionization mode and using off-line SPE. The limits of detection for the two methods were at levels of low g/L. Phthalates and bis-(2-ethylhexyl) adipate were found at levels between 0.05 and 13 g/L in all of the water samples analyzed. Some pesticides, alkylphenols, and estrogens were determined in a few samples at levels below 0.1 g/L.
INTRODUCTION
A large number of contaminants are known to have adverse effects on the living organism because they interfere with the endocrine system [1] [2] [3] . These contaminants, which are called endocrine disruptors (EDs), include a wide range of pollutants such as pesticides, polycyclic aromatic hydrocarbons, phthalate plasticizers, alkylphenols, and natural and synthetic hormones [4] [5] [6] . The first European Union strategic document [7] showed the need to develop and validate appropriate environmental tools for monitoring EDs. These contaminants can be present in various environmental samples, but they are mainly present in water samples because they have many industrial, agricultural, and household uses. Endocrine disruptors can be found in environmental waters because of the direct discharge of industrial and domestic wastewaters, the discharge of sewage treatment plant (STP) effluents, and agricultural drains to streams and rivers.
Some EDs, such as atrazine, simazine, diuron, lindane, and ␣-endosulfan, which are widely used as pesticides, have been monitored in river and STP waters [8] [9] [10] [11] . Atrazine was found at levels below 0.1 g/L in all the water samples from the Ter and Llobregat rivers (Catalonia, Spain) entering water treatment plants collected during the year 2000 [8] . Atrazine and diuron were found at levels between 0.01 and 2.61 g/L and 0.01 and 1.24 g/L, respectively, in several river water samples from Portugal, where some pesticides and phenols were monitored for six months [9, 10] . Diuron also was monitored for five months in seawater samples from the coast of Tarragona (Catalonia, Spain) [11] . It was found in all samples at levels between 0.03 and 0.42 g/L. Some phthalates, known or suspected to be EDs, have been monitored in water samples [12] [13] [14] . For example, Suzuki et al. [12] , monitored phthalic acid monoesters in river water samples because these compounds * To whom correspondence may be addressed (marce@quimica.urv.es).
are metabolites of phthalic acid diesters and are widely used as plasticizers, so they can be found in many water samples.
The occurrence of natural and synthetic hormones, alkylphenols, and alkylphenol ethoxylates has been studied mainly in wastewater samples [15] [16] [17] . Influent and effluent STP water samples were analyzed to determine the efficacy of the STPs and to evaluate the biological effects on freshwater fish of compounds discharged to the rivers [16] . To correlate levels of EDs in water samples with the estrogenicity in wildlife, some authors have monitored these EDs in water samples and fish for chemical and biological determinations [15] . A correlation was found between nonylphenol in water and vitellogenin induction in fish.
The methods used to determine these pollutants in water samples are mainly based on solid-phase extraction (SPE) in combination with gas chromatography (GC) [8, 10, 12, 18, 19] and high-performance liquid chromatography (HPLC) [9] [10] [11] 15, 20, 21] , and mass spectrometry (MS) detection in both separation techniques. In some cases, biological techniques also have been used to control the estrogenicity levels of the compounds [15, 16] .
In this study, we have monitored a group of 26 EDs containing some pesticides, phthalates, alkylphenols, and natural and synthetic hormones in river, sea, and irrigation canal water samples. We used SPE-GC-MS or SPE/HPLC-(electrospray ionization [ESI])MS, depending on the chemical properties of the EDs determined. The environmental water samples were collected every month for one year in the area of Tarragona (Catalonia, Spain), where few monitoring studies for EDs have been carried out.
MATERIALS AND METHODS

Sampling
We collected freshwater samples from two sites along the Ebre River (in the Ebre Delta and Tortosa) and an irrigation canal of the Ebre Delta, and seawater samples from the marina and coast of Salou and the industrial port of Tarragona. These sites are shown in Figure 1 .
River water collected along the banks of the Ebre River was analyzed to determine the EDs of urban, industrial, and agricultural origins and uses (e.g., nonionic detergent metabolites, some pesticides, phthalates, and some polycyclic aromatic hydrocarbons). This water is treated in a water treatment plant and distributed mainly in the Tarragona region as tap water. An irrigation canal water sample in the Ebre Delta, where rice is grown as the main agricultural crop, was selected to determine the EDs used in agriculture (e.g., atrazine, aldrin, and ␣-endosulfan). The Ebre Delta and the sites where we collected seawater samples (the marina and coast of Salou and the industrial port of Tarragona) were selected because of the sailing activities there, which cause contamination by EDs such as diuron, an antifouling agent used in boat paint.
These samples were collected every month between September 2001 and August 2002 in 2.5-L precleaned amber glass bottles and filtered through a 0.45-m filter (MSI, Westboro, MA, USA). The samples were divided into two fractions. One, for the on-line method, was kept in the dark at 4ЊC until analysis and was analyzed as soon as possible by SPE-GC-MS. The other one, for the off-line method, was immediately preconcentrated and the dried cartridge was stored in the freezer before elution and analysis by SPE/HPLC-MS (to prevent the degradation of steroids). All the glassware (e.g., vials, bottles, and volumetric material) was carefully cleaned with methanol to avoid problems due to contamination. Table 1 . Analytical performance data for on-line solid-phase extraction-gas chromatography-mass spectrometry (SPE-GC-MS) and solid-phase extraction/high-performance liquid chromatography-(electrospray ionization) mass spectrometry (SPE/HPLC-[ESI] MS) phthalate (DEHP), and bis-(2-ethylhexyl) adipate (adipate) were purchased from Riedel-de Häen (Seelze-Hannover, Germany) and had a purity of Ͼ98%. Benzo[a]pyrene, with a purity of 97%, was supplied by Aldrich (Steinhem, Germany) and hexachlorobenzene, with a purity of Ͼ99%, was supplied by Fluka (Buchs, Switzerland).
Group B. 17-␣-Estradiol, 17-␤-estradiol, 17-␣-ethinylestradiol, estrone, and diethylstilbestrol were obtained from Sigma (St. Louis, MO, USA). 4-tert-Butylphenol, 4-tert-octylphenol, 4-nonylphenol, 2,4-dichlorophenol, and bisphenol A were obtained from Aldrich. Diuron was obtained from Riedel-de Haën, and pentachlorophenol was obtained from Jansen Chemie (Geel, Belgium). The purities of these reagents were Ͼ97%.
A standard solution of 1,000 mg/L of each ED was prepared in ethyl acetate (group A) or in acetonitrile (group B). These solutions were stored at 4ЊC. All the working solutions were prepared by diluting these solutions. The linear range for each compound is shown in Table 1 .
Ethyl acetate was supplied by Merk (Darmstadt, Germany). The HPLC-grade acetonitrile and methanol were obtained from SDS (Peypin, France) and water was obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA). The pH of the mobile phase and samples was adjusted with acetic acid from Prolabo (Fontenay, France). Helium (carrier gas) and nitrogen (drying gas), with a quality of 99.995%, were supplied by Carburos Metálicos (Tarragona, Spain).
Chemical analysis
We used the on-line SPE-GC-MS method with an on-column interface to determine compounds included in group A and the SPE/HPLC-(ESI)MS method for those in group B. These methods have been optimized in previous studies [22, 23] . Table 2 shows the optimum conditions for each method and Table 1 shows the analytical performance data for the on-line SPE-GC-MS and SPE/HPLC-(ESI)MS methods in river water samples. Standard external calibration was used for the quantitation. The performance of these methods already has been tested with several samples from river, sea, tap irrigation stream, and STP waters in the previous studies. Before analysis of the real water samples, we ran blanks of the two systems used. Because of the ubiquitous presence of some compounds, such as DnBP, BBP, DEHP, and adipate, we calculated linearity by subtracting the areas obtained in the blank chromatograms (n ϭ 3) from the areas obtained in the real water samples. All real water samples have been analyzed two times to ensure accuracy of the data obtained. Three six-port Valco valves (Houston, TX, USA), automatically controlled by the GC software, were used for the SPE process. The precolumn (10 ϫ 2-mm i.d.) was handpacked with a styrenedivinylbenzene copolymer (PLRP-S, 100, 20-m particle size; Polymer Laboratories, Shropshire, UK). An HP 1100 pump was used to deliver the sample and the solvents needed to clean and activate the sorbent. The ethyl acetate used in the elution step was delivered with a syringe pump (Cole-Parmer, IL, USA). A fused-silica capillary (30 cm ϫ 0.10-mm i.d.) permanently mounted in the on-column injector transferred the analytes from the precolumn to the GC system. A 100-l loop of polyether ketone tubing (HP) was used instead of the precolumn for direct injection.
SPE/HPLC-(ESI)MS.
We used a HP1100 series liquid chromatography-mass spectrometry detector (LC-MSD) system (Agilent). The chromatographic column was a 25 ϫ 0.40-cm LichroCART 250-4 Lichrospher 100 RP-18 with a particle size of 5 m (Merck).
For the SPE process, we used a SPE manifold (Teknokroma, Barcelona, Spain) connected to a vacuum pump (Gast Manufacturing, Buckinghamshire, UK). The water samples were extracted by using 200-mg LiChrolut EN cartridges (Merck). 
RESULTS AND DISCUSSION
The occurrence of EDs in the samples analyzed is given in Table 3 . Levels of several EDs between 0.01 and 13 g/L were found. Except for phthalates and adipate, which were present in all the water samples, only 14 of the 26 compounds monitored were sometimes found. Some of these were only found in the low g/L range.
The occurrence levels of phthalates and adipate along the seasons are shown in Figure 2 . These are the mean levels found in the months corresponding to each season. As we can see, the most used plasticizers, DnBP and DEHP, were present at higher concentrations than BBP and adipate. Levels of BBP and adipate were between 0.05 and 0.87 g/L in all samples, except in the samples collected in the river Ebre (Tortosa) in the spring, where the mean level was approximately 2 g/L for adipate, and in two point samples collected in the irrigation canal in September, where levels were also approximately 2 g/L for adipate and BBP. The mean levels found for DnBP were approximately 3 g/L, with a spring high average value for the river Ebre (Tortosa) of approximately 6 g/L and another maximum for the winter at Marina (Salou) of approximately 4 g/L. The highest levels of DEHP (ϳ12 g/L) were found for the irrigation canal (Delta) and marina (Salou) in autumn and winter, respectively. Levels of DEHP found in river water samples and the irrigation canal were higher in the autumn. In the marina of Salou and the industrial port of Tarragona, the levels were highest in the samples collected in winter, but generally in the spring and summer, the seawater samples had higher levels of DEHP than other samples. Some months, low levels approximately 0.1 g/L were found for DnBP and DEHP, but high means values were obtained because one single high monthly value can have a major influence on the average. The occurrence of pesticides with estrogenic properties is sporadic. There were samples in which no contaminant was found, such as the water samples from the coast of Salou. However, in a marina (Salou) water sample collected in March, we found ␣-endosulfan at 1.6 g/L. This high level can be due to a specific treatment with this insecticide. In Ebre River water samples (Tortosa and Delta), only hexachlorobenzene, used as fungicide, and aldrin and dieldrin, used as insecticides, were found in the spring and summer at low levels between the limit of detection and 0.1 g/L. Their presence is due to their bioaccumulation, because they are totally banned for agricultural uses in 1983 (Directive 83/131/ European Economic Community). In the irrigation canal (Ebre Delta), hexachlorobenzene also was found at 0.14 g/L, and atrazine, a common herbicide widely used in agriculture, was found at 0.16 g/L in water samples collected in the spring. In these months atrazine is widely used for aggressive treatments. Similar levels of atrazine were found a few years ago in a study that monitored pesticides in the Ebre River delta area during the same months [24] . But, nowadays the treatments with pesticides are more controlled because they are found in point water samples.
The compound p,pЈ-DDE, a breakdown product of DDT, was found in several water samples. Dichlorodiphenyltrichloroethane was a widely used insecticide in agriculture from the 1960s. Dichlorodiphenyltrichloroethane and its breakdown products (DDE and dichlorodiphenyldichloroethane) are persistent substances that can travel long distances through the atmosphere and in water and can accumulate in sediments. A background of p,pЈ-DDE was not determined in all water samples. p,pЈ-Dichlorodiphenyldichloroethylene was found at levels between 0.006 and 0.04 g/L only in some water samples from the river, sea, and irrigation canal. The presence of DDT and its breakdown products in these water samples is due to uncontrollable factors, because DDT was also totally banned for agricultural uses in March 1983 (Directive 83/131/European Economic Community).
Diuron, an herbicide also used as an antifouling agent in boat paints, was only found in the spring and summer and only in the seawater samples of the industrial port (Tarragona). In these seasons, boating activity increases and boats are often repainted. These concentration levels are lower than those reported in a previous study by our group [11] in several ports along the coast of Tarragona between March and July 2000. In this study, diuron was found in these samples at between 0.01 and 0.06 g/L and its highest level was in a sample collected in March.
Estrogens, such as 17-␣-ethynilestradiol and 17-␤-estradiol (used in oral contraceptives) and bisphenol A (widely used in industrial activities), were only found in some river and industrial port (Tarragona) water samples at levels of approximately 0.1 g/L. These levels are usually found in water samples near of STPs, such as industrial port (Tarragona) water samples, and in urbanized areas, such as Ebre River water samples collected near the cities.
Alkylphenols, the degradation products of alkylphenol polyethoxylates present in detergents and many other formulated EDCs in environmental water samples from Catalonia, Spain Environ. Toxicol. Chem. 24, 2005 267 products (e.g., cosmetics, paints, and pesticides), were found in river, sea, and irrigation canal water samples collected between spring and autumn. The levels (0.02-0.2 g/L) were lower than those found in several influents and effluents from STPs [15] . Therefore, their presence in waters from nonurbanized and rural sections of the river could be due to their incomplete elimination in water treatment plants. The highest levels are usually found in water samples from urban and industrialized zones [25] .
CONCLUSION
The results of this monitoring study show that in environmental water samples there is a large presence of phthalates and adipate (0.01-12 g/L) and p,pЈ-DDE (0.06-0.11 g/L), the persistent metabolite of DDT.
In any river water sample from Tortosa, the total level of pesticides with estrogenic activity is not higher than the total pesticides permissible in drinking water (0.5 g/L) [26] . The pesticide levels are not higher than the individual levels permitted for drinking water (0.10 g/L, except for aldrin at 0.03 g/L). Diuron was only found in water samples where yachting is popular, and atrazine, a herbicide widely used in agricultural, was only found in irrigation canal.
The effects of incomplete degradation of estrogens and alkylphenols in STPs are shown in the low levels of these compounds found in water samples from the river, irrigation canal, and industrial port. However, the sometimes high levels of these compounds shows that they must be controlled in these kinds of samples because it is important to prevent their negative effects on living organisms in the aquatic environment.
